Introduction 1999). The apparent speed difference is very large and should be associated with a correspondingly large difStimulus color and contrast influence perceived stimuference in neural responses in the relevant neural pathlus speed. For example, a stimulus can be made to ways. Second, the ratio of S cone to luminance responappear to move at a different rate by adjusting its color or sivity in speed judgments differs from the ratio in contrast (Cavanagh et al., 1984) . The theory of functional detection tasks. Hence, this color comparison offers segregation of color and motion provided an interesting a clear chance at distinguishing whether MTϩ color and provocative explanation of this phenomenon (Livresponses are specific to motion judgment or reflect a ingstone and Hubel, 1988; Zeki, 1993) . According to the general sensitivity difference. Third, S cone stimuli can theory, color and motion information are represented in be presented over a larger contrast range than redindependent processing streams, with extrastriate mogreen isoluminant stimuli, and the S cones are more tion areas receiving luminance but not chromatic sigsecurely isolated than the L or M cones. Thus, the comnals. Subsequent investigations have shown that the parison provides a good experimental stimulus for meastrong form of functional segregation is incorrect. Stimsuring the influence of color on perceived motion. uli with zero luminance contrast do appear to move
The sponses measured in MTϩ specifically influence the Figure 1 shows an fMRI time series measured in MTϩ while the subject was viewing a moving S cone stimulus at 60% cone contrast (18 s) that alternated with a uniform gray background (18 s). The fMRI signal modulates by more than 1%, many standard deviations larger than the noise and in synchrony with alternation between the S cone stimulus and neutral background. For this observer, and four others we have tested, MTϩ responds robustly to a moving S cone isoluminance stimulus. Figure 2 shows how response amplitude increases with stimulus contrast in area V1 (Figure 2a ) and in region MTϩ (Figure 2b) . Each panel contains contrastresponse functions for both luminance and S cone stimuli. In area V1, the shape of the two curves differs are required to reach any given response level. Hence, color sensitivity differences between the two areas are not described by a single scale factor. To reach low motion judgment and that they are not a general mearesponse levels (0.3), the S cone contrast must be more sure of color responsivity. These measurements support than 1.0 log unit greater than the luminance contrast. the view set forth by Dobkins and Albright (1998) that To reach higher response levels (0.7), the S cone con-"chromatic information is processed by multiple visual trast need only be 0.3 log units higher than the luminance subsystems, but in a different manner by each as befits contrast. their broader functions in visual perception" (p. 54).
Results

S Cone Responses
Sensitivity is greater in MTϩ than V1 for both lumiTo verify that we have properly isolated S cone signance and S cone stimuli. Compared with V1, sensitivity nals, we have measured cortical responses in two S in MTϩ to luminance stimuli is roughly six times greater, cone monochromats. These are individuals whose retiand sensitivity to S cone stimuli is roughly two times nae contain only S cones and rods. In these individuals, greater. Also, the luminance response function reaches too, responses to S cone stimuli are present in human saturation at quite low contrast levels, on the order of region MTϩ. In addition to their importance as a control, 2%-5% . While the luminance and S the measurements in S cone monochromats offer a cone contrast-response functions differ, they are more unique opportunity to understand developmental plasticity within the color and motion pathways. nearly parallel in MTϩ than are the corresponding curves in V1. Across all MTϩ response levels, the S cone concontrast level, the signal-to-noise ratio in MTϩ of responses initiated in the S cones will be substantially trast needed to match the luminance contrast ranges from about 1.0 to 1.3 log units. At a given stimulus lower than that of responses initiated by luminance stimuli of the same contrast. In addition to the S cone isoluminance responses, we also made measurements of L Ϫ M cone-initiated responses containing zero CIE luminance. Figure 3 shows the fMRI time series to an isoluminance L Ϫ M cone stimulus (Figure 3a) , the isoluminance S cone stimulus (Figure 3c) , and the sum and difference of these two stimuli (Figures 3b and 3d) . The mixture of these stimuli spans the isoluminance plane; all of these stimuli cause a robust MTϩ response. Human region MTϩ is slightly more responsive to L ϩ M stimuli than L Ϫ M stimuli. All of these results were confirmed in a second observer.
The data in Figures 2 and 3 show that MTϩ is very responsive to moving targets initiated in the L and M cones. This sensitivity is evident when these two cone types respond in phase to produce a luminance signal or out of phase to produce an isoluminant signal. The data also show that L and M cone contrasts of 2% cause an MTϩ response comparable to that produced by an S cone contrast of 20%. The sensitivity to the L Ϫ M stimuli compared with responses to L cone-and M cone-isolating stimuli (data not shown) indicate that ity in MTϩ, contrast-response measurements were reIn these adaptation experiments, the spectral power peated on two observers who have S cones and rods distribution of the yellow background was chosen to but are missing L and M cones. These S cone monochroreduce the contrast of stimuli initiated in the L cones, mats only have two photoreceptor types, so it is straight-M cones, and rods while relatively sparing S cones (see forward to isolate the S cones using conventional threeinsets in Figure 4 ). The contrast seen by every receptor primary displays. Hence, S cone monochromats serve type is reduced when the yellow light is added to the as a useful control against calibration errors. background, and this reduction can be calculated from A second potentially interesting feature of these obthe change in mean background absorptions. In the servers is that the absence of L and M cones will dramatpresence of the yellow background, the contrasts in the ically reduce the signals from the magnocellular path-L, M, and S cones and in the rod receptors are reduced, way, which is known to be the dominant input to area respectively, by factors of 20, 15, 1.5, and 10. Hence, the MT (Maunsell et al., 1990) . Hence, measurements of the addition of the yellow light to the background strongly response in MTϩ of S cone monochromats also permits reduces the contrast of any residual L, M, or rod signals us to measure developmental plasticity in the motion but relatively spares the contrast of the S cone signal.
pathway. In addition to reducing the rod stimulus contrast, the , with scotopic luminance of 112 cd/m 2 (3.5 log information needed to create cone-isolating stimuli (Brainard, 1989;  scotopic Trolands, assuming a 3 mm pupil). The spectral power Appendix B in Wandell, 1995). Because of spatial inhomogeneities distribution of the yellow adapting light was chosen to selectively in the relay lens and rear-projecting screen, from repeated calibrareduce the sensitivity of both the long (L) and middle (M) wavelength tions we estimate that the color calibration of the projecting system cones, sparing sensitivity of the S cones. The high background is accurate to better than 10%. These inhomogeneities are not presluminance is quite close to the level of rod saturation, making it very ent in the flat panel system, which is accurate to a precision of unlikely that the signals are rod initiated (Aguilar and Stiles, 1954; better than 3%.
Hood and Finkelstein, 1986). Contrast-response functions also were measured in two S cone Localizing Scans monochromats. In these experiments, stimuli were presented using In separate experimental sessions, the positions of primary visual the flat panel LC display; the relative absorption rates due to the cortex (V1) and several other visual areas were identified using background were S cones, rods ϭ 1, 1.6; CIE coordinates were x,y, phase-encoded retinotopic stimuli (Engel et al., 1994 (Engel et al., , 1997 . Because S cone isolation is relatively experimental sessions devoted to contrast-response function measimple to achieve for these observers, and there are no L or M cones surements always included two functional localizing scans that to suppress, no data were collected with the superimposed yellow served to identify the active regions associated with motion-selecbackground. tive cortex (MTϩ) and primary visual cortex. The localization scans served to identify those portions of these regions that fell within the Data Analysis MR measurement planes during that session. The active locations After each scanning session, the eight fMRI measurement planes within the boundaries of V1 were identified using a flickering whitewere aligned to a high resolution anatomical scan of the subject's black checkerboard pattern (8 Hz flicker, 14Њ ϫ 10Њ area, 0.25Њ/pair brain using custom software. The anatomical scan provides a comof black/white checks) that alternated every 18 s with a neutral gray mon reference frame for all conditions. Activity levels, cortical flatfield. This stimulus elicits powerful activity in the retinotopically tening, and three-dimensional renderings of the brain were perorganized brain regions but relatively less activity in MT. The visual formed using methods described elsewhere and distributed on the stimulus used to localize MTϩ was a sparse (3% density) field of Internet ( 
